M ammalian hibernators such as ground squirrels store massive amounts of fat each autumn. These fat depots serve as the main source of metabolic fuel throughout the winter, gradually decreasing over a period of months until the animals emerge from hibernation each spring. Fat deposition occurs on an approximately annual, i.e. on a circannual, basis. Although this rhythm occurs in the absence of environmental temperature and light cues, it is entrained by the length of daylight, with peak fat deposition occurring as days shorten in the autumn. Here we examine the circannual cycle of hibernation, and then explore the similarities and differences between the obligatory, yet reversible, natural obesity and accompanying insulin resistance of natural hibernation, and the pandemic of human obesity and metabolic syndrome.
Introduction
Hibernation is an adaptive strategy used by a variety of distantly related mammals to save energy in winter. 1, 2 It is particularly difficult for small mammals living in temperate climates to maintain their elevated body temperature when environmental temperatures drop below freezing and food supplies dwindle; rather than fighting the cold, many species instead escape the cold by moving into a sealed underground burrow and entering hibernation. 3 Based upon body temperature patterns, each year is divided into two distinct phases for hibernators: a homeothermic phase of reproduction, growth and fattening in summer, and a heterothermic phase of hibernation in winter; 4 hibernation is itself a cycle, with animals alternating between torpor and arousal (figure 1a).
In torpor, core body temperatures drop as low as -2.9°C, 5 heart rates plummet to ~5 beats per minute, breathing becomes irregular and infrequent, and metabolic rates are 5% or less than they are at rest during euthermia. 1, [6] [7] [8] The drop in body temperature is not a passive response: rather, metabolism is reduced and then body temperature falls. 9 Unlike poikilotherms, mammalian hibernators actively control their body temperature throughout torpor-arousal cycles by altering metabolic rates. 10, 11 Unlike hypothermic mammals, torpid hibernators rewarm spontaneously (or after stimulation) from very low core body temperatures using only endogenously generated heat. 6 This review is focused upon the fat-storing mammalian hibernators. The best studied of these are rodents, particularly the ground-dwelling sciurids such as ground squirrels, marmots and woodchucks. However, many species hibernate; the fact that hibernating species are widely distributed among mammalian orders, including primates, 12 strongly suggests that all mammals, including humans, share the genes and pathways involved in orchestrating this complex phenotype. 13 Hibernation as a near annual, i.e. circannual, biological rhythm Reproduction, nutrient availability, body fat deposition and temperature regulation are all intimately interdependent with the circannual rhythm of hibernation. 14 Circannual hibernators reproduce once each year in early spring, shortly after their emergence from winter hibernation. After the energetic demands of reproduction and growth are met, typically in late summer, the animals gain massive amounts of weight, mainly due to the accumulation of vast stores of triglycerides in their adipose tissue. Some species (e.g. Zapus species) enter hibernation with as much as 80% of their dry body weight as fat. 15 Thus, circannual hibernators are obese when they enter into hibernation in the autumn, but this fat is slowly consumed throughout the winter hibernation season such that the animals emerge lean each spring, and the cycle begins anew.
The rapid weight gain prior to the onset of hibernation provides an unmistakable marker that the animal is in transition between the summer homeothermic and the winter heterothermic phenotype. The switch to winter phenotype is marked by a change in circadian activity followed by the onset of heterothermy; these changes are temperatureindependent, i.e. winter phase animals exhibit torpor in warm (21°C) as well as cold (5°C) ambient temperatures. Typically, minimum body temperature (Tb) is maintained just above ambient temperature, 11, 16, 17 except when ambient temperature is significantly below freezing, in which case the animals maintain Tb near zero. 5, 11 Remarkably, animals kept under constant ambient temperature throughout the year, either at standard room temperature 16 or in the cold, 18 continue to exhibit the two phases of homeothermy and heterothermy. The use of extended periods of torpor at low body temperature slows the rate of body weight loss during winter, allowing the animals to survive for many months without feeding. Nevertheless, as noted above, these animals are actively thermoregulating; the stored fat is utilised over the course of the winter as animals largely fuel their metabolism, including the energetically expensive periodic arousals, 19 by β-oxidation of these fat stores.
The circannual cycle of fat storage and consumption Adipocyte-stored fat, including large abdominal depots, 20 provides the main metabolic fuel for the entire winter hibernation season in circannual hibernators such as ground squirrels and marmots. Hibernating ground squirrels forgo food and water during several consecutive months of hibernation. Their liver metabolic profile provides unequivocal evidence of their seasonal switch from carbohydrate-to fatbased metabolism in winter. 21 Lipids are the ideal fuel in this circumstance because they provide high-density energy storage with the added advantage of generating metabolic water as they are catabolysed. Successful hibernation is exquisitely sensitive to both the quantity and the quality of stored fat: if fat stores are insufficient, or the amounts of essential fatty acids are too low, torpor-arousal cycles either do not take place or they are disturbed. 15, [22] [23] [24] [25] The annual cycle of body weight fluctuation is an intrinsic rhythm that is entrained by light; entrainment, but not the circannual rhythm itself, is dependent upon melatonin secretion from the pineal. 26 This finding is consistent with reports of the effect of ablation of the suprachiasmatic nucleus of the hypothalamus, which disturbs the timing of the summer and winter phases, as well as the timing of the torpor-arousal cycles, but does not prevent hibernation. [27] [28] [29] [30] The circannual rhythm of body weight gain and loss is manifest regardless of ambient temperatures and in spite of continuous availability of food and water. 16, 26 Early in the weight gain phase, food intake is high, but weight gain is relatively slow; later, the opposite occurs as food intake first levels off and then declines, yet body weight continues to increase (figure 1b). 16 Neither maxima nor minima of body weight and fat stores occur synchronously with rates of food intake; given this finding, it is not surprising that metabolic rate varies seasonally in the active phase as well as during hibernation. In woodchucks, autumn and spring animals with comparable body weight were found to have large differences in food intake and metabolic rate. When fed ad lib, spring animals consumed five times more food/kg body weight per day (figure 1b) than autumn animals and their resting metabolic rates were approximately twice as high. The respiratory quotient (RQ) was significantly higher in the spring, 0.82 compared to 0.65 in the autumn, indicating a greater reliance on carbohydrate vs. fat as metabolic fuel. Significantly higher (more than three-fold) concentrations of free thyroxine in the serum of spring animals compared to the autumn animals correlated well with their higher metabolic rates. 31 Seasonal cycles of leptin, adiponectin, lipolytic and lipogenic enzymes, thyroid hormone, reproductive hormones and metabolic rate are related to this circannual cycle of energy balance and fat metabolism. 16, [31] [32] [33] [34] [35] [36] [37] Together, these signals orchestrate a sliding setpoint with a circannual rhythm for gain and loss of body weight and lipid stores. 14, 38 The fat-storing, or lipogenic, phase of this circannual cycle is also characterised by adipocyte hypertrophy and hyperinsulinaemia. In marmots, the diameter of white adipocytes changes with body weight, reaching seasonal peaks in late summer that are 60% greater than those observed in spring. 37 This correlates with a near-doubling of lipid mass as a fraction of lean body mass. 39 Studies of natural levels of insulin across the natural circannual cycle in hibernators are scarce and somewhat conflicting. 40 More recent studies have shown that obese marmots are both hyperinsulinaemic and insulin-insensitive in the autumn, compared to winter, spring and summer animals. Specific evidence for peripheral insulin resistance in the autumn includes experiments that demonstrate a large increase in the concentration of plasma insulin following a glucose challenge, the slow recovery of these plasma insulin levels back to baseline following such a challenge, and the lack of a significant decrease in plasma glucose levels following an insulin injection. 41 Both hyperinsulinaemia and insulin resistance are transitory, however; they develop as the animals fatten in preparation for hibernation but are reversed after hibernation begins. Similar findings regarding serum insulin levels, hyperinsulinaemia in the autumn (September and October) compared to winter, spring and summer, have been reported for ground squirrels. 42 The cardiovascular system in hibernation The fact that hibernators are obese, insulin-resistant and hyperinsulinaemic raises questions about whether they also suffer from other pathophysiological features associated with metabolic syndrome or type 2 diabetes in humans, such as vascular disease or immunological disorders. Although this question has not been rigorously investigated, it would seem that these important pathological features of metabolic syndrome are not seen in hibernation. Studies reporting serial blood pressure measurements across the natural circannual rhythm of a hibernator are few, but there is little reason to suspect chronic hypertension, or even substantial hypertension associated with the transient obesity phase in autumn. 43 In fact, blood pressure varies widely across torpor-arousal cycles, decreasing dramatically (about five-fold) during entrance into torpor, 44 remaining low during torpor itself, then increasing again during each interbout arousal. 40 Because blood viscosity does increase as temperature drops, hibernators must compensate for this in terms of their haemodynamics. Increased viscosity due to low Tb is not likely to be as much of a problem during entrance into torpor, because heart rates plummet prior to significant lowering of Tb. However, during arousal, heart rates increase dramatically before Tb increases, probably requiring compensatory mechanisms. Shunting of the blood to the brain and key thoracic organs (such as heart and brown adipose tissue) is one component of this haemodynamic control. 45, 46 Hibernators have long been known to have dramatically prolonged clotting times, an effect apparently due to thrombocytopenia and changes in clotting factors. 6, 47, 48 The clotting time increase is present whether the hibernator is torpid or in interbout arousal at the time of sampling, and whether the clotting assay is performed at 5°C or 37°C. 49 Alpha-2macroglobulin mRNA and protein are high throughout the winter in several species, 13,49-52 likely contributing to this effect. 49 Metabolic syndrome is also characterised by activation and dysfunction of the inflammatory response, but the results from several lines of investigation suggest that inflammation is repressed rather than activated during natural hibernation. The steady-state level of the mRNA encoding C-reactive protein (CRP) does not change during hibernation in ground squirrels although it is induced in these animals by a stimulus that elicits the acute phase response. 49 Likewise, C-reactive protein in bears is not increased in the hibernation season. 49, 52 Interestingly, white blood cells effectively disappear from the circulation during torpor in hibernating ground squirrels. This effect occurs rapidly during entrance into torpor, but then reverses such that the levels of circulating white cells are restored during interbout arousals. 44, 53 Hibernation has also been shown to protect livers from developing increased vascular resistance after cold storage and reperfusion; significantly, the protection is apparent regardless of whether the liver was removed from a torpid (Tb~5°C) or an aroused (Tb~37°C) hibernator, but is not seen in summer ground squirrels. 54 This result indicates that there is a seasonal change which protects hibernators against damage induced by classical insults to homoeostasis, including temperature (e.g. hypothermia) and ischaemia-reperfusion injury. Many additional studies demonstrate enhanced protection against injury from damaging events in various organs in hibernators. 44, 45, [53] [54] [55] [56] [57] These studies, in contrast to the liver study mentioned above, did not employ a sampling strategy that distinguishes seasonal protection from an effect of torpor. Nevertheless, their findings are consistent with enhanced protection in winter.
A seasonal reprogramming of gene expression may confer protection during hibernation
The seasonal phenotypic switch that is apparent in many physiological parameters in hibernators could be achieved by seasonally controlled differential gene expression. 13 If such a reprogramming occurs, it should be apparent as changes in the amounts of specific mRNAs and proteins across the circannual rhythm of hibernation. In fact, the vast majority of gene expression changes that have been reported in hibernators are summer to winter, or seasonal, differences. In part, this result is due to the fact that most studies of differential gene expression have examined samples from a small number of timepoints (often just two) across a fraction of the annual cycle, with torpor typically being one of them; 58, 59 there are very few reports of studies that have attempted to examine gene expression changes from multiple timepoints across the entire circannual rhythm of hibernation. One particularly nice example of a circannual rhythm of gene expression is provided by the liver-specific expression of the HP protein complex in chipmunks, which is found in plasma at high concentrations during the active phase of the circannual cycle, but at low concentrations during the hibernating phase. 18 Likewise, increased expression of PDK-4 in the heart exhibits a seasonal rhythm, with elevated expression in winter and as animals prepare for hibernation in the autumn, but low levels in spring and summer. 60 Another reason that most of the known changes in gene expression that are associated with hibernation are seasonal differences could be that the majority of important changes in gene expression actually are seasonal differences; that is, reprogramming of gene expression plays a major role in the summer-winter switch, but is less important for the torporarousal switch.
To date, there are few reports of global analyses of gene expression patterns in hibernators. These reports also typically have been done with a small number of timepoints, and are therefore of limited utility in terms of providing a comprehensive understanding of the role of differential gene expression in determining the circannual rhythm of the hibernating phenotype. Nevertheless, some useful observations have emerged. Early attempts to use an unbiased approach to isolate differentially expressed genes at the mRNA level revealed that only a small subset of the total mRNAs surveyed differed between the summer active and winter hibernating states in heart, 60 brain 61 and liver. 51 More recent attempts to identify differentially expressed mRNAs have used digital transcriptome analysis of mRNAs expressed in heart from summer vs. torpid hibernators, 62 macroarrays to compare the mRNAs present in brown adipose tissue in summer with those in torpid hibernators, 63 and microarrays to compare liver, heart and brain mRNA populations among summer, interbout aroused and torpid hibernators. 64 In every case, the vast majority of gene products tested did not change significantly as a function of hibernating state. Perhaps more important, however, are those that did change. As with the more limited studies, a small fraction of the surveyed mRNAs are differentially expressed in summer compared to winter, and in the one case where two winter states were used, the vast majority of the changes can be linked to seasonal increases or decreases in gene expression. 64 Likewise, unbiased screens at the protein level demonstrate that most proteins that can be quantified using a 2D gel approach do not change between summer and winter; about 9% of 961 protein spots from liver homogenates were reported to increase or decrease between summer active and winter hibernators as they reentered torpor. 65 Of the proteins and mRNAs that have been shown to differ quantitatively between summer and winter, many clearly function in the transport and metabolism of lipids, or may be involved with various aspects of the protected phenotype of winter. The molecular basis of the torpor arousal switch is even more enigmatic, and may involve molecular switches such as phosphorylation, [66] [67] [68] [69] [70] [71] SUMOylation 66 or other post-translational modification to control protein activity, rather than changes in protein amount.
One theory that has been put forth to explain skyrocketing rates of obesity and type 2 diabetes in present-day human populations is that genes enhancing fat accumulation and insulin resistance were favoured during evolution; these "thrifty" genes allowed their carriers to survive and reproduce more effectively during starvation conditions such as famine, but have become a liability in cultures where food is plentiful. 72, 73 Others have argued that selection pressure to survive famine could neither have been operating strongly enough, nor over a long enough time, to explain the presence of thrifty genes in humans. 74 Although this topic has spurred lively debate, it is not unreasonable to look beyond selection pressures operating in ancestral humans and instead back to ancestral mammals or beyond. 75 
Conclusions
Mammalian hibernators provide a natural model of reversible obesity with concomitant insulin insensitivity. Their circannual rhythm of fat storage is adaptive, since indi-viduals who fail to store a sufficient quantity and quality of fat fail to survive the winter. It is likely that the common ancestor of all mammals was a hibernator and hence endowed with the genetic capability of storing fat for periods of fast. Thus, present-day hibernators offer an invaluable animal model for understanding the mechanisms that are responsible for the sliding setpoint of body weight, for the metabolic shift between carbohydrate-and fat-based metabolism, for the control of metabolic rates and for protection against cardiovascular system damage.
Key messages
Hibernating mammals provide an extreme example of the utility of accumulating body fat in nutrient-rich times for later use during times of fasting, which is in their case imposed by low nutrient availability during winter months. In the case of hibernators living in temperate climes, these times of feast and famine occur predictably each summer and winter. Thus, fat storage occurs predictably on an annual basis, such that hibernators enter winter months with large reserves of energy in the form of fat. Unlike chronically obese humans, however, the obese hibernator ceases to eat, and depletes this fat during the course of the winter, such that each spring the animal emerges lean. Additional mechanisms, perhaps by changing patterns of gene expression, are invoked in the winter to protect the hibernator from vascular disorders associated with low temperature and rates of blood flow.
